INTRODUCTION
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Resale or republication not permitted without written consent of the publisher high fishing impacts on the ecosystem (Coll et al. 2007 ). The fitting of this model to data was used to hindcast changes of the ecosystem from 1975 to 2002 (Coll et al. 2009b) .
Changes in marine resources due to natural or anthropogenic factors can be perceived at the foodweb level, and have the potential to affect the structure and function of marine ecosystems with consequences for the management of natural resources. Therefore, there is an increasing need for ecosystem-based studies to inform marine resources management. In the present study, we combined available data from the NC Adriatic Sea to describe the main changes of this Mediterranean ecosystem from the mid-1970s to the early 2000s. Our goals were (1) to summarize major patterns of species abundance using complementary data sources and describe food-web structure and functioning changes using trophodynamic indicators, (2) to assess ecosystem change patterns defining a multivariate framework, and (3) to explore the evolution of these changes in relation to additional abiotic indicators (such as fishing effort, human development, and environmental factors).
This study presents novel results that complement previous work (Coll et al. 2007 (Coll et al. , 2009b with the analysis and integration of temporal changes of the NC Adriatic Sea food web using complementary data sources. The availability of different data sets and the existence of ecological models provide an ideal opportunity to explore ecological patterns and chances in this Mediterranean Sea ecosystem, while accounting for differences in the data quality and data features. This work constitutes an important effort in terms of recent historical data collection from the 1970s for the Adriatic Sea. The reconstruction of historical food-web changes in the long-exploited and biologically rich Mediterranean ecosystems, while trying to determine the role played by ecosystem drivers and key species, presents the opportunity to determine responses of Mediterranean marine ecosystems to human impacts and climatic change.
MATERIALS AND METHODS
Area of study. The Northern and Central Adriatic Sea study area ( Fig. 1 ; south limit of Vieste harbour) constitutes a wide continental shelf. The substrate is characterized by muddy to sandy bottoms. Owing to river runoff and oceanographic conditions, the region exhibits a decreasing trend of nutrient concentration and production from north to south and from west to east (Fonda Umani 1996) . Numerous studies describe the distribution and abundance of marine fauna and flora of the Adriatic Sea (e.g. Riedl 1983 , 5upanović & Jardas 1989 , Jukić-Peladić et al. 2001 . It is an important area for the reproduction of small pelagic fish (Agostini & Bakun 2002 , Morello & Arneri 2009 ) and a strategic region for marine vertebrate conservation (e.g. Zotier et al. 1999 , Bearzi et al. 2004 .
Datasets. Catch statistics: Landing statistics from 1975 to 2000 were obtained from official Italian sources (Istituto Nazionale Italiano di Statistica [ISTAT] and Istituto Ricerche Economiche per la Pesca e l'Acquacoltura [IREPA] ). This dataset was corrected by incorporating discard information (Wieczorek et al. 1999 , Cingolani et al. 2000 , Cooper et al. 2000 , Affronte & Scaravelli 2001 , Santojanni et al. 2005 ) and estimates of illegal, unregulated or unreported landings (Mattei & Pellizzato 1996 , Santojanni et al. 2001 , Cingolani et al. 2002a . The estimates were also corrected using independent catch data collected from the Istituto di Scienze Marine-Sede di Ancona (ISMAR-CNR) to consider anchovy and sardine catches from 1975 to 2005 from the eastern Adriatic coast (Slovenia and Croatia) (Santojanni et al. 2005 (Santojanni et al. , 2006a . Aquaculture and catches from artisanal fisheries in the immediate coastal area were also excluded from the analysis. Demersal catch data from 2001 to 2005 were not included due to the different taxonomic resolution compared to the previous available data. Abundance and biomass time series data: Independent data on benthic diversity and biomass estimates were obtained from scientific trawl surveys conducted from 1982 to 2005 (GRUND surveys). These data were collected from the Adriatic basin covering the Italian territorial and international waters of the Adriatic Sea from 0 to 200 m depth and were conducted in the autumn using the Italian commercial fishing net (Vrgoć et al. 2004) . Species reported included demersal and pelagic fish, crustaceans and molluscs (Table A1 ). Estimates of total biomass for anchovies and sardines from 1975 to 2005 were included in the analysis of species trends as well. These data were calculated by the ISMAR-CNR using a virtual population analysis tuned with echo-survey data (Santojanni et al. 2005 (Santojanni et al. , 2006a .
Modelling outputs: The mass-balance model describing an annual average situation for the NC Adriatic Sea during the mid-1990s (Coll et al. 2007 ) was adapted to represent the ecosystem in 1975 and was fitted to the available time series of data for 1975 to 2002 (Coll et al. 2009b ). The trophic modelling tool Ecopath with Ecosim (EwE) version 5.1 (Christensen & Walters 2004 ) was used to ensure the energy balance of the new model and to fit the model to data.
The ecological model of the NC Adriatic Sea comprised 40 functional groups or trophic species spanning the main benthic and pelagic components of the ecosystem from primary producers to top predators, including invertebrates, fish, birds, reptiles and marine mammals, and 2 detritus groups. The principal fishing activities in the area were included in the model: midwater trawling, bottom trawling, beam trawling, purse seine and tuna fisheries. Detailed description of the NC Adriatic model is provided in (Coll et al. 2007 (Coll et al. , 2009b Grbec et al. 2007) ; and human factors: (5) the Human Development Index (HDI; UNDP: http:// hdr.undp.org/en/statistics/data/); and (6) nominal fishing effort. Time series of nominal fishing effort of bottom trawling (including both beam and bottom trawling), mid-water trawling and purse seining were available in units of horse power (HP) and the number of boats per fishing harbour (ISTAT, IREPA and ISMAR-CNR). We aggregated the data to represent the NC Adriatic fleets. Trawling data were available from 1975 to 1995 through ISTAT and from 1996 to 2002 through IREPA. The 2 datasets did not align perfectly, so we extended the ISTAT series through 2002, extrapolating the general trend of the series observed in IREPA (see data in Coll et al. 2009b) . Reliability of our procedure of interpolating ISTAT and IREPA data series was confirmed during the calibration process of our NC Adriatic model (Coll et al. 2009b) .
Trophodynamic indicators. We used the above datasets to calculate selected trophodynamic indicators and to describe the food-web of the NC Adriatic Sea through time (Table 1 ). The first 6 indicators described below were applied to time series, while the last 2 were used to characterize different time periods of the ecosystem. These indicators were applied to catch statistics, scientific surveys and modelling results because we compared their trajectories, although their absolute values are not necessarily comparable between them since they may sample different fractions of the ecosystem. However, they can inform on similar or different trends. For example, the primary production required to sustain the catch (%PPR) indicates the total amount of catch extracted from the system when calculated from fisheries data and modelling catch results, and informs on the total surveyed catch when calculated from scientific surveys. But a decreasing trend on this indicator from these 3 data sources may inform on a similar ecosystem process of depletion.
Biomass and catch trends and ratios: We analyzed biomass estimates from scientific surveys and those ). We analyzed separately the data by commercial species (such as hake, Norway lobster and anchovy), while we analyzed the rest of the species in different ecological groups following Coll et al. (2007) , such as crabs, shrimps, and benthic cephalopods. This aggregation enabled us to compare model results with scientific surveys and catch data due to the different aggregation of species in the 3 datasets.
In addition, we calculated the total demersal biomass to pelagic biomass ratio (D/P) as an indicator of the processes benefiting demersal or pelagic compartments. We included the total invertebrate to fish biomass ratio (Inv/Fish) as an indicator of change in the fish community. This ratio was expected to increase with fishing impact (Coll et al. 2009a ), while D/P was expected to decrease with fishing, although it is also linked with other factors such as bottom-up effects (de Leiva Moreno et al. 2000) and changes in the pelagic compartment due to changes in the small pelagic fish populations.
Mean trophic level of the community and mean trophic level of the catch: The trophic level (TL) was first defined as an integer identifying the position of organisms within food webs (Lindeman 1942) and it was later modified to be fractional (Odum & Heald 1975) . Following an established convention, a TL of 1 is given to primary producers and detritus, the TL is formulated as follows: (1) where j is the predator of prey i, DC ji is the fraction of prey i in the diet of predator j, and TL i is the trophic level of prey i.
The mean trophic level of the catch (mTL c ) reflects the fishing strategy in terms of selected food-web components, and was defined as the weighted average TL of harvested species (Pauly et al. 1998) . The mean trophic level of the community (mTL co ) reflects the structure of the community and was defined as the weighted average trophic levels (TL) of all species (Jennings et al. 2002) . Both indicators generally decrease with increased fishing impact due to a reduction in the number of large predators and a relative increase in lower TL organisms. We calculated both indicators from modelling results, catch and biomass estimates. Moreover, we plotted total catches and the mTL c together following Pauly et al. (1998) .
Fishing in balance index: The fishing-in-balance (FIB) index assesses whether catch rates are in balance with ecosystem trophic production due to catch at a given TL being related to assimilation efficiency of the ecosystem (Christensen 2000 , Pauly et al. 2000 . Therefore, one can expect higher catches at lower TL due to higher production at lower trophic levels. The FIB index is formulated as follows: (2) where Y ik is the catch of species i during the year k; Y i0 is the catch of species i during the year at the start of a time series and which serves as an anchor; TL i is the trophic level of species i, and 10 represents the bydefault mean transfer efficiency of the ecosystem, i.e. that 10% of the production of one trophic level is converted into the production of the next trophic level. A FIB index of zero indicates higher production at lower TL, so fishing is in balance. A positive FIB value indicates that the fishery has expanded, or that bottom-up effects are occurring, so there is more catch than expected. The FIB index falls below zero when discarding occurs and discarding is not considered in the analysis, or when the fishing impact is so high that the ecosystem function is impaired (Christensen 2000 , Pauly et al. 2000 .
Primary production required to sustain the catch: The PPR typically measured as t km -2 yr -1 , is obtained by back-calculating the flows, and is expressed in primary production and detritus equivalents for all pathways from the exploited species down to the primary producers and detritus (Pauly & Christensen 1995) :
where Y i is the catch of a given group (i ), TE is the mean transfer efficiency, TL i is the trophic level of a group (i) and factor 1/9 is taken as the average conversion coefficient from wet wt to gC. This index can be expressed per unit of catch relative to primary production and detritus of the ecosystem (%PPR). Due to the fact that we were interested in the trajectory of this indicator but not the absolute value, we applied it to catch statistics, scientific surveys and predicted catch from modelling results (Table 1) .
Loss in production index: The loss-in-production index (L index) quantifies the theoretical depletion of secondary production due to fishing in an exploited ecosystem and increases with fishing impacts (Libralato et al. 2008) . This index was proposed as a proxy to characterize the effects of fishing on the ecosystem, and to estimate the probability that the ecosystem is being fished in a sustainable manner. The index takes into account both the properties of the ecosystem (the primary production [PP] (4) The L index can be used to estimate the probability that the ecosystem is being sustainably fished (P sust ; Libralato et al. 2008 ). We applied this index to catch statistics and catch from modelling results (Table 1) .
Modified Kempton's index of biodiversity: The modified Kempton's index of biodiversity (Q' index), or modified biomass diversity index, measures the relative index of biomass diversity based on the calculations proposed by Kempton's index expressing species diversity (Kempton & Taylor 1976 , Ainsworth & Pitcher 2006 . This index represents the slope of the cumulative species abundance curve between the 10th and 90th percentile, but since it is applied using functional groups and biomasses, the functional groups are considered equivalent to 'species', and their biomass the number of individuals (Ainsworth & Pitcher 2006) . The index is formulated as: (5) where S is the number of functional groups in the model or time series, and R 1 and R 2 are the biomass values of the 10th and 90th percentiles in the cumulative distribution curve. This indicator is expected to decrease with increasing fishing impacts.
Trophic spectra: Trophic spectra were calculated using TL per species or groups in ecological models, biomass estimates from scientific surveys, and from modelling results and catch statistics following Gascuel et al. (2005) . This analysis provides a representation of an ecological property of the ecosystem (such as biomass or catch) per interval of TL by aggregating fixed TL intervals (0.1 TL) of data and then using a weighted smoothing function over a fixed range of TL (0.7 TL) to distribute the values of the data (Φx): (6) where Φx is the spectrum value of an ecological property (such as catch or biomass), TL' is a TL interval and X is the ecological property.
The keystoneness of trophic species: The keystoneness of trophic species (KS) was calculated for the mid1970s and mid-1990s using a method derived from the MTI analysis (Libralato et al. 2006 ) and the available ecosystem models (Coll et al. 2009b ). The keystone species are those that show relatively low biomass but have a major structuring role in the ecosystem (Power et al. 1996) . Keystone species can be identified by plotting the relative overall effect (ε i ), calculated from the MTI, against KS i . The overall effect (ε i ) is described as: (7) where m ij is calculated from the MTI analysis. Then, KS i of a functional group is calculated as: (8) where p i is the contribution of the functional group to the total biomass of the food web. This index is high when functional groups (species or groups of species) have both low biomass proportions within the ecosystem and high overall effects, in line with the keystone species definition.
Statistical analysis and comparison of indicators. We applied a simple linear trend analysis applying generalized least-squares regression following Coll et al. (2008b) to assess the significance of the increases or decreases in standardized ([indicator value in yearmean]/SD) time series of species abundance, trophodynamic indicators, and abiotic indicators. Time series of indicators are frequently characterized by strong autocorrelation, imposed as a consequence of the ecosystem dynamics. Thus, we fit a linear trend model to each of the time series using a generalized leastsquares regression framework, which models the temporal correlations in the error using a 2-stage estimation procedure to take into account the autocorrelation in the residuals and to satisfy regression assumptions. We then assessed the significance of the estimated trend (whether the predicted slope was significantly different from zero). This allowed for valid inference to assess the significance of the trend and compare the indicators.
We compared results from the KS and trophic spectra between the periods analyzed: 1970s and 1990s. In addition and to integrate the rest of the available ecosystem information, we applied a principal component analysis (PCA) on the correlation matrix (Jongman et al. 1999 ) using biotic metrics to reduce the number of multivariate dimensions to a smaller set of linear combinations that explained the most variance. This analysis provided further delineation of key processes affecting the ecosystem through time and tracked major trends across the ecosystems. Changes in the PCA scores through time were evaluated as graphical ecosystem-reference directions following Link et al. (2002) . Some model results had been obtained using the ecosystem model and forcing it with fishing effort and fitted to biomass series (Coll et 
2009b); thus, some of the time series were not independent from catch statistics and scientific surveys. Therefore, to avoid the redundancy in the data and compare the results of these 2 analyses, we first applied the PCA to catch statistics and scientific surveys (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) , and after, to modelling results . Finally, and to include in our analysis available information from abiotic indicators, we looked into the correlation between the ecological indicators and abiotic factors using the non-parametric statistical procedure BIO-ENV from PRIMER (Clarke & Warwick 2001) . This routine enabled us to identify the abiotic factors that globally best explained variability of the ecological indicators. This procedure calculated the correlation coefficients between similarity matrices of both ecological and abiotic indicators, and identified the combination of abiotic factors that maximized the correlation between ecological and abiotic similarity matrices.
Because the indicators represented different measures, we normalized the data prior to the construction of the Euclidean distance matrices (Clarke & Gorley 2006) . We then assessed skewness by constructing a draftsman plot (matrix of plots of each food-web property against the other) and the individual correlations between abiotic indicators examining the resulting Spearman rank correlations. We removed one of each pair of properties that were significantly correlated (ρ ≥ 0.95), thereby reducing redundancy and dimensionality of the data. Total fishing effort and fishing effort by trawling were highly correlated, as well as fishing effort by trawling and HDI. We removed fishing effort by trawling from the analysis.
RESULTS

Biomass and catch trends by species
Scientific surveys covering the period 1982-2005 showed a significant decline in crabs (Table A2) and benthic cephalopods and a significant increase in shrimps (Table A2 , Fig. 2a ). Catch statistics showed a significant increase in crabs (Fig. 2c) , while modelled biomass of cephalopods, Norway lobster and 'other benthic invertebrates' group (Table A2 ) first increased and then decreased significantly (Fig. 2e) .
Gadiforms, anglerfish, conger eels, demersal skates, demersal sharks and 'other demersal fish' group were found to decrease through time in various time series (Table A2 , Fig. 2a,c,e,g ), and for the group composed of 'other demersal fish', all the trends were significantly negative. Demersal skates, flatfish and anglerfish showed significant negative trends in 3 datasets.
Other gadiformes, conger eels, hake, red mullets and demersal sharks declined significantly with time in 2 of the time series analyzed. Anchovy, sardine, and the mixed group of small pelagic fish, horse mackerel and benthopelagic fish generally showed declining trends too (Table A2 , Fig. 2b,d,f,h) .
The time series for demersal skates and 'other demersal fish', including all the data sources (scientific surveys, catch statistics, and modelled biomass and catches) showed significant declining trends (Table A2) . Moreover, benthic cephalopods, hake and other gadiforms, anglerfish, conger eel, flatfish, red mullets, 'other demersal fish', demersal sharks, horse mackerel, mackerel and benthopelagic fish showed significant decreasing trends in 2 time series of data from different data sources. Using the scientific surveys and catch statistics, we found a significant increasing trend in 2 data sets (Table A2) : shrimps in scientific surveys and crabs in catch statistics.
Trend analyses showed that nearly all of the data series were highly auto-correlated and that in some cases, the normality and linearity assumptions were violated (Table A2) . Although we only assessed linear trends, in general, catch statistics and modelled biomass and catches first showed an increasing trend until the early 1980s and then a decreasing trend (Fig. 2) . Data from scientific surveys beginning in the early 1980s generally showed the decreasing trend (Fig. 2a,b) .
Total biomass and catch ratios, trophic levels and diversity index
Total biomass and catch ratios reflected previous results and were found to decline with time (Fig. 3a) . These declines were significant for total demersal biomass and catches from surveys and fisheries statistics, as well as for total pelagic catch and total catch from fisheries statistics, and total pelagic biomass from modelling simulations (Table 2) .
The D/P catch ratio trend increased significantly when calculated from catch statistics (Fig. 3b, Table 2 ). The total invertebrate and fish biomass followed a declining trend that was significant when using modelling results. The Inv/Fish ratio showed a significant increase through time calculated from catch data (Fig. 3c) . Total biomass and catch trends increased until the early 1980s and then decreased (Fig. 3) .
The mTL co showed a significant decline through time when calculated from modelled biomass ( Table 2 , Fig. 3d ). Both the mTL c from statistics and modelling results showed declines through time, although these trends were non-significant (Fig. 3e) and mTL c first increased from the early 1980s to the early 1990s. Table A2 The Q' index declined in all time series (Fig. 3f) , and these declines were significant when calculated from modelling results.
Primary production required, fishing in balance and loss of production
The %PPR calculated from scientific surveys data, catch statistics and modelling outputs showed a decline through time that was significant for both catch and modelling data (Table 2, Fig. 4a ).
The FIB index showed significant declining trends in all cases (Table 2, Fig. 4b ). The FIB index from catch data and modelling outputs also showed an increase through time until the early-mid 1980s, when it progressively declined until becoming negative in the mid 1990s. The FIB index was negative for all years when calculated from scientific surveys.
The L index also declined with time, although not significantly (Table 2, Fig. 4c ). The probabilities P sust were < 75% and 50% when results were calculated from modelling and catch data, respectively, showing an increasing trend until the early 1980s and then a decrease. 
Trophic spectra and the KS index
The trophic spectra of catches from the NC Adriatic Sea expressed the year average catch each 5-yr using fisheries statistics from 1975 to 2000 and showed an increase from 1975 to the 1980s in all TLs, but especially in the lower TLs (Fig. 5a) . There was then a progressive decrease of catches from the 1980s to 2000s, where lower catches were seen for all the TL. Trophic spectra of biomass estimates from scientific trawling surveys showed a decrease in the biomass of lower TL through time (TL 2.7-3.7) (Fig. 5b) . There was also an intense decrease observed at TL > 4.5, while the biomass of organisms with intermediate TL Keystoneness showed similar results for both time periods (Fig. 6) . However, dolphins, squid and sardines decreased in terms of their importance from the 1970s to 1990s (Fig. 6a) , and benthic invertebrates, mackerel and phytoplankton increased to become among the most important groups in terms of total effects and keystoneness (Fig. 6b) .
Plots of catch and biomass versus trophic level
When plotting total catch versus the mTL of the catch by year, using data from catch statistics, a very clear pattern emerged (Fig. 7a) . From 1975 to 1982, there was a decrease in the mTL c and an increase in catches, followed by a reversal, from 1982 to 1992. Afterwards, a progressive and marked decrease in the mTL c and in catches was observed until 2000. This general pattern was also observed when plotting the predicted catch and the mTL c from the modelling results (Fig. 7b) , although an increase of the mTL c and a further decrease in the catches was described from 1998 to 2002. This pattern varied when plotting the total biomass and the commu-201 Table 2 . Results from ecological indicators using data from scientific surveys, catch statistics and ecosystem models used to characterize the NC Adriatic Sea. Data within parenthesis: 1 corrected catches accounting for discarding and underreporting; 2 calculations excluding trophic level (TL) = 1; 3 PPR% calculated from primary producers and detritus (compared to data outside parenthesis: PPR% calculated in relation to primary producers only). Obs = observations: a = corrected for autocorrelation; n = normality slightly violated. D/P: demersal/pelagic, Inv: invertebrate. -: no data. Indicators defined in Table 1 Indicators Scientific surveys (Fig. 7c) . The mTL co and biomass increased from 1975 to 1984, and afterwards there was a progressive decline in both until 2002. We did not observe any pattern when plotting scientific surveys data and the mTL co (results not shown).
Ecosystem assessment
The first 2 factors of a PCA applied to all time series of catch statistics and scientific surveys reported in Table 2 & A2, in which data were available for each year from 1982 to 2000, explained the 72.9% of the total variance (Fig. 8a) . The first factor was mainly defined by lower values of fish and invertebrate biomass and ) for catches, but high levels of crab catch, shrimp and anchovy biomasses and high Invertebrate/Fish catch ratio (Fig. 8b) . The first PC axis scores increased with time from 1982 to 2000, thus mainly highlighting the decrease of catch and biomass for most of the groups and proliferation of invertebrates. The second factor was defined by high L index (thus low P sust ) and total demersal biomass, high biomass of benthopelagic fish, gadoids, cephalopods and FIB index. The second PC axis scores decreased from 1982 to 1987, then increased till 1998 and decreased again in 2000. The PC scores of the first 2 axes plotted throughout time showed a trend from the upper left to the upper right quadrat (Fig. 8a) .
The first 2 factors of a PCA applied to all time series derived from modelling results reported in Table 2 (Fig. 8c) . The first factor was mainly associated with lower values of biomass and catch of fish and invertebrates, and lower values of all trophodynamic indicators (Fig. 8d) . The first PC axis scores increased with time from 1975 to 2002, highlighting a general decline in biomass and catch. The second factor was mainly associated with high biomasses of anglerfish, flatfish, anchovy, benthopelagic fish, other small pelagic fish and catches of various groups, while there was a decrease in L index, FIB, TL co, and catch and biomasses of various groups as well. The second PC axis scores decreased from 1975 to 1986 and then increased until 2002. The PC scores of the first 2 axes plotted through time showed a trajectory from the upper left to the upper right quadrate (Fig. 8c) as observed in the previous analysis (Fig. 8a) .
Abiotic indicators
The regression model applied to the human and environmental indicators showed a significant increase of sea surface temperature (SST) (p = 0.000), and a decrease of MOI with time (p = 0.001) and SST in winter (p = 0.042). In parallel, there was an increase of the human development index (HDI) (p = 0.000) and of fishing effort in the NC Adriatic Sea; the total fishing effort and the fishing effort of the trawling fleet increased significantly from 1975 to 2000 (p = 0.000).
The first 2 factors of the PCA applied to all time series of abiotic indicators explained the 51.8% of the total variance (Fig. 9a ) and the first factor was mainly characterized by fishing effort (with higher values of total, trawling and purse seine fishing effort), by high values of annual SST (SSTt) and winter NAO (NAOw), and by low values of MOI and SSTw. The second factor was mainly characterized by environmental factors (higher values of NAO and SST, and lower of Po river runoff) (Fig. 9b) . The PC scores of the first 2 axes plotted through time showed a trajectory from the upper left quadrate to the low right quadrate (Fig. 9a) , and presented similarities with the previous ones observed in Fig. 8 . When correlating these abiotic data with the ecological indicators using the BIO-ENV test, we found positive significant correlations using both catch statistics and scientific surveys or modelling results (BIO-ENV test, correlation coefficient ρ = 0.862 and 0.811, and p = 0.01 and 0.01, respectively). The similarity matrices obtained with human indicators (fishing effort of purse seine, trawling and the HDI) correlated highest with the similarity matrix of ecological indicators from catch statistics and scientific surveys, illustrating that these abiotic indicators may be good predictors of the biotic indicators. Other environmental indicators such as Po river runoff, salinity and MOI contributed to the correlation matrix but lowering the overall correlation (ρ = 0.668). The similarity matrices of the human indicators obtained with total fishing effort and the HDI correlated highest with the similarity matrix of ecological indicators from modelling results. Other environmental indicators such as MOI or SSTt contributed to the correlation matrix but again lowered the overall correlation (ρ = 0.661). These similarities are in line with the similar trends in the PCAs scores.
DISCUSSION
Changes and drivers of biomass and catch in the NC Adriatic Sea
The Adriatic Sea is one of the Mediterranean areas with a relative high availability of data. However, each data source used here had limitations that should be considered when interpreting results. Data from landing statistics were corrected to account for underreporting and discards, although the estimates were conservative (Coll et al. 2007 ). The scientific trawl biomasses were mainly demersal, and thus not adequate to capture 1999 1998 1997 1996 1995 1994 1993 1992 1991 1989 1988 1987 1986 1985 1984 1983 1982 1981 1980 1979 1978 1977 1976 changes in pelagic species. They were mainly focused on fish species and a few commercial invertebrate species likely due to changes in protocol over the years (Table A1) , so these data were not sufficient for analyzing changes in the lower trophic level organisms. On the contrary, these data were valuable for analyzing changes in the demersal fish community. Main limitations on the modelling exercise are discussed in Coll et al. (2009b) . The modelling data have by definition a 'built in' interpretation of the reality according to the Ecopath with Ecosim assumptions (Christensen & Walters 2004) . Therefore, it is not surprising that the analysis of trends of indicators from the modelling data series gave more clear and unambiguous results (Table 2 & Tables 2 & A2) , highlighting that modelling can provide additional hints on the ecosystem status when we face complex situations such as the one in the Adriatic Sea. Moreover, we used a basic linear model to assess the trend of time series and correct for autocorrelation. Our results suggested that most of the data were in fact autocorrelated, and only few trends showed violations of the regression assumptions in terms of non-stationarity and nonlinearity. A more sophisticated trend analysis could complement these results and show more details in the species patterns complementing the ecosystem assessment.
Despite these limitations, our results showed that there were important changes taking place in the NC Adriatic Sea from the mid-1970s to the early-mid 2000s. In several cases, 2 or 3 datasets showed decreasing trends in target species (illustrated by the first axis in the PCA analysis of Fig. 8 ). These results are in line with results from stock assessments indicating that several target and non-target demersal species are 1975 1976 1977 1978 1979 1980 1981 1982 1983 1984 1985 1986 1987 1989 1988 1990 1991 1992 1993 1994 1995 1996 1997 1999 2000 1998 Our results suggest that these trends occurred in parallel with a steady increase in fishing effort, as well as an increase in the HDI and changes in the environment, such as an increase in sea water temperature and changes in regional (e.g. MOI) and global (e.g. NAO) factors. These results are in line with previous studies in the Adriatic Sea analyzing some of these environmental indicators with more detail (e.g. Marasović et al. 1995 , Dul<ić et al. 1999 , Grbec et al. 2002 .
In addition to the general decreasing trends, we could observe that several biomass and catch series increased from the mid-1970s to the early 1980s, illustrated by the second axis of the PCA analysis of Fig. 8 , before a strong decline was registered. This first increase could be due to indirect trophic effects such as trophic cascades (i.e. decrease in competition and predator release) as was described for the Catalan Sea (Coll et al. 2008b ). The increase in catch and biomass during the 1970s could also be due to the increasing fishing effort, changing target species (e.g. towards invertebrate species), and/or to an increase of nutrient enrichment in the area. The eutrophication in the northern Adriatic Sea began in the 20th century, reached a maximum in the late 1970s, and levels were still high during the early 1990s (Sangiorgi & Donders 2004) . Barmawidjaja et al. (1995) analyzed benthic foraminifera records in the Northern Adriatic basin and described intense and prolonged anoxic events during the 1980s due to eutrophication. The eutrophication peak between 1978 and 1980 coincided with the peak in most of our time series (early 1980s); thus, the increase in biomass and catches up to this point and their consequent decrease could in part reflect patterns in eutrophication. During this period, the significant increase in fishing effort may have been compensated with higher production due to nutrient loading. A similar trend, an initial increase followed by a decrease, was observed in catch data from the Venice lagoon (Libralato et al. 2004 ) and was correlated with changes in nutrient loading.
Changes in trophodynamics and ecological roles
The changes of species biomass noted above had perceptible changes on the trophic relationships and ecological roles of species in the NC Adriatic ecosystem. Although no clear keystone species were identified during the study period (no species had KS ≈ 0 or KS > 0; Libralato et al. 2006) , modelling results underlined the increasing importance of low and medium TL organisms in the Adriatic Sea ecosystem (e.g. suprabenthos, zooplankton, benthic invertebrates) due to their essential role in transfering energy to the higher TL. Anchovy was identified as an important species in the food web during both time periods analyzed; however, the important decrease of sardine with time was likely due to the decrease of biomass (Santojanni et al. 2003) . These results are similar to the ones observed for the Southern Catalan Sea, NW Mediterranean from the late 1970s to the early 2000s (Coll et al. 2009a ). Another interesting result was the decrease of cetaceans as keystone group in the ecosystem, which has also been observed in other marine ecosystems (e.g. California upwelling and Catalan Sea; Libralato et al. 2006 , Coll et al. 2009a ). This could be related to the decreasing population of these organisms in the Adriatic Sea (Bearzi et al. 2004) .
Keystone analyses also showed the higher importance of phytoplankton in the mid-1990s in comparison to the mid-1970s, indicating that the ecosystem likely became more sensitive to changes in primary production and environmental forcing. The Adriatic Sea primary production is partially limited (Bosc et al. 2004) and is under the influence of local enrichment by river runoff, or changes in current circulation and in salinity that produce temporal upwelling areas associated with higher productivity (Agostini & Bakun 2002) . As previously discussed, overexploitation and simplification of food webs decrease the resilience of marine ecosystems and increase their vulnerability to environmental change (Hughes et al. 2005 ). This may also be the case for the Adriatic Sea.
Food-web structure and fishing impacts
In addition to the changes in abundance and ecological roles of marine species with time, we also documented changes in the structure and functioning of the NC Adriatic Sea ecosystem. Time series showed a general decrease in biomass and the mTL co , suggesting that the ecosystem progressed from low abundance of large slow-growing organisms towards higher importance of small and fast growing organisms. This was also illustrated by the lower mTL c with time, lower Q' index, higher Invertebrate/Fish catch and biomass ratios, and changes in the trophic spectra of the biomass and catch.
The indices (FIB, %PPR, L) calculated using fishing statistics and model predictions increased through time due to fishery expansion and likely bottom-up effects (Christensen 2000) associated with eutrophication until the early-mid 1980s (Sangiorgi & Donders 2004) . A posterior decrease due to increased fishing effects on the ecosystems was observed in the FIB index, while negative values from the middle 1990s most likely indicated that the functioning of the ecosystem in terms of the upward transfer of production from low to high TL changed importantly (Pauly & Watson 2005) . Similar trends were shown for the FIB index when analyzing data from scientific surveys.
The bending backwards curve (Pauly et al. 2000 ) observed when plotting both the total catch and mTL c using fisheries statistics and modelling predictions illustrated a 'fishing down the Adriatic food web' process during the mid 1970s to 1980s that was shown when higher catches were obtained in parallel with a decline in mTL c . Although a sequential addition mechanism due to the addition of new fisheries sensu Essington et al. (2006) may also have occurred (i.e. due to the increasing value of several invertebrate species and the number of boats that target them), the fishingdown process may have occurred mainly due to a decrease of demersal fish and an increase of invertebrates and small pelagic fish (Coll et al. 2007 ). This process could have been mitigated by the enrichment of the system due to nutrient loading until at least the early 1980s. These results regarding mTL c contrast with those reported for the Western Mediterranean fishery (Pinnegar et al. 2003) . In this case, mTL c was reported to have decreased mainly due increasing landings of bivalve molluscs from mariculture and not due to changes in landings from fisheries.
Results highlighted changes in ecosystem functioning during the 1990s: decreasing nutrient input due to changes in environmental policy may have influenced the decline in biomass and catches during this period (although eutrophication was still high during the 1990s; Sangiorgi & Donders 2004) , in parallel with a continuous increase in fishing effort. Trophic spectra calculated from catch and data also showed this impoverishment of ecosystem biomass.
Unlike models and catch data, biomass estimates from scientific trawl surveys between 1982 and 2005 did not show the decrease in the mTL co , probably due to the fact that fewer benthic invertebrate species were included in the database (Table A1) . Commercial catches mainly include commercial invertebrate species, and also data from beam trawlers, which sample benthic invertebrates much more efficiently than otter trawls (used for scientific surveys). Beam trawlers have increased in number and engine power in the past (Pranovi et al. 2003) .
In general, these results demonstrate that fishing impacts have increased in the Adriatic Sea over the last 30 yr, while the ecosystem has progressed towards an altered and depleted state. Correlation analysis confirmed the relationship between these changes and a fishing effort increase in the ecosystem, in addition to changes in the environment. This supports the Adriatic Sea being ranked as one of the ecosystems most impacted by fishing in a comparison with 19 other ecosystems when using multiple indicators, accounting for current states and recent trends . The application of the L index, a new index of the ecosystem effects of fishing, to modelling results and global datasets (Libralato et al. 2008 ) also evidenced a high probability of ecosystem overfishing for the Adriatic Sea during the last 3 decades.
Multivariate framework for an ecosystem assessment
The trajectory of PCA scores was similar under the analysis of both modelling results and surveys and catch data, and the combination of these data within a multivariate framework enabled us to delineate several key processes affecting the Adriatic Sea ecosystem at once and through time. These results showed that the main trajectory in the last 3 decades was characterized by a general decrease in biomass and catch, with some records of species proliferations. These changes happened in parallel with an increase in fishing effort and changes in various environmental parameters, such as an increase in the SST, decline in the inflow of highly saline Mediterranean water into the Adriatic Sea, and changes in the atmospheric pressure at sea-level (and most likely also changes in nutrient enrichment although not included in this analysis due to lacking data). Our study shows that the combination of multiple biotic and abiotic indicators is thus essential to understanding main changes on this marine ecosystem. These results can be complementary to traditional single-species fisheries assessments, while mechanistic tools such as modelling exercises may be useful in assessing whether this marine ecosystem could be brought to previous states or could be changed in specific ways (Link et al. 2002) . 
